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Professor C. M. MacLeod, President of the Oklahoma Medical Research 
Fomdation, Ok/ahot77a, U.S.A., who irad agreed to ,givc the I972 Grifith 
Memorial Lectuw, died 017 I 2 Febrtrar)~, 1971. iafT test of his lecture was 
available. Pro&or A. W. Dolcwie generous!,. agreed, at short notice, to 
give tl7e lecture ,\,hich fullows, and which uses Projksor MacLeod’s it7tended 
title. 

Professor Cohn MacLeod who was to have given this memorial Fred Griffith lecture 
had very obvious qualifications for his selection. He had worked in Avery’s laboratory at 
the Rockefeller Institute for \fedical Research for eight years and was joint author of the 
original paper in which it was sho-,+~~ that DNA was responsible for transformation of 
pneumococcal types. the phenomenon first described by Griffith. Ilforeover he continued 
and extended the \vork on transformation for some years afterviards at the New York 
University College of Medicine where he had been appointed Professor of Bacteriology at 
the early age of 32. I cannot pretend to have the knowledge and experience of XlacLeod 
in this field, but, because I knew personally the workers concerned in at least the earl) 
stages of the transformation story. I decided to talk on the subject that Dr LfacLeod h&id 
chosen - although the view that I shall present is likely to be more backuard than he had 
intended. Then I had not recently read the first and third Griffith memorial lectures by 
Professor Hayes (1965,) and Professor Pollcck ( 1970). Professor Hayes interpreted Grillith‘s 
experiments in terms of present knowled,, on of bacterial genetics and Professor Poilock’s 
scholarly history of the discovery of DNA emphasized the significance of the work on 
transformation for the development of molecular bioiogy. I shall not attempt a discourse 
on such a high scientific level. 

A few days ago I received some notes from Mrs MacLeod which showed that Colin 
MacLeod had intended to describe in detail the laborious work by Avery, himself and 
McCarty lasting over several years, which finally led to the conclusion that DNA was the 
transforming principle which conveyed the inheritable characters of one pneumococcal 
type to another. This would have been an account of absorbing interest which McCarty 
may one day relate. But because of lack of inside information I cannot foilow this line. 
Instead I propose to say something about the way Fred Griffith’s work on transformation 
arose out of his predominant interest in bacteria1 typing in relation to epidemiology, and 
then to say something of Avery, whose life-long interest in the pneumococcus made possible 
the elaboration of Grifhth’s discovery, and for whose work Griflith had that greatest 
admiration. 
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Fred Griffith was born in Cheshire. After a distinguished undergraduate career he 
graduated in medicine at Liverpool in 1901. He had a fello\vship in the Department of 
Pathology and then, after some work on the tuber& baci!lus bvith his brother A. S. 
Griffth. he joined the staff of the Local Government Board. Whc‘n the Local Government 
Board laboratories were taken over by the hlinistry of Health during the First World War, 
Griffith and Scott mo\.ed to Dudley House in Endell Street. There the Pathological Labora- 
toq of the Ministr!. of Health functioned until the outbreak of World War II, when its 
functions were taken o\er and expanded into the Emergency Public Health Laboratory 
Service (E.P.H.L.S.). When I first visited the laboratories in the early 1930s they consisted 
of one o&e, a reasonably large laboratory which Grifith shared Lvith Scott, and a media 
kitchen where Tao tschnicians worked. The louver two floors of Dudley House were occupied 
by the Post Ofice. Griiiith and Scott did all their owr-, bench \vork nith \‘ery little up-to-date 
equipment even for that period. Nevertheless excellent work ivas done, and both Griffith 
and Scott gave endless help to bacteriologists investigating infectious disease in various 
parts of the countr>-. As Hedley Wright (1931) \vrore of them. ‘A foreigner, visiting for 
the first time the laboratory of the Ministry of Hee!th in London, must have been little 
short of appalled to se? ho\3 meanly this fundamental actix,it>- of a \Yealthy country was 
housed and must ha\re wondered how. thus cabined and confined, these two world-famed 
workers managed to exisr. let alone function, in such a chaotic environment. But he would 
not be !ong there before he knev+. that they did so because they \vere Scott and Griffith, 
x+ho could do more u,ith a kerosene tin and a primus stove than most men could do with a 
Pa!ace.’ They shared the same laboratory for most of their working lives and with Allison, 
\\ho joined them in the early ‘3os, they formed the nucleus of staff around which the 
E.P.H.L.S. was built. They died together Jvhen Grifith’s London flat, Lvhere Scott was 
sta).in_r at the time. received a direct hit during an air raid in February 1941, a few weeks 
c?fter Scott had succeeded Topley as Director of the Emergency Public Health Laboratory 
Service. 

Griflith’s main scientific interests Jvere related to the epidemiolo~); of infectious disease. 
He felt that more had to be done to identify conciusi\cl!, the types and the species of 
bacteria found in various outbreaks. if their epidemiology was to be understood and 
effecti\,e control measures taken. Hence his intcrcst in the typing of tuber& bacilli, 
mcningococci, pneumococci and streptococci. The discovery of immunologically distinct 
types of pneumococci was made by Keufeld & Handel (1909, 1912). Like other bacterio- 
logists earlier this centur!‘- long before sulphonamides or antibiotics were discovered - 
they made attempts to prepare immune sera which might be of value in treating severe 
infections such as lobar pneumonia, a more common and more dreaded disease then than 
it is today. The serum first prepared by Neufeld and Handel v.ould protect mice against 
some strains of pneumococci from pneumonia cases but not others. and they found that 
there \vere at least three immunological types. These results v.ere confirmed by Dochez and 
Gillespie in 1913; and in the Rockefeller monograph published in 1917 by Avery, Chickering, 
Co!e and Dochez the examination of strains from cases of pneumonia led to the definition 
of types I, iI and III with a heterogeneous Group IV. Griffith in 1922 found roughly the 
same distribution of types of pneumococci in pneumonia cases in London, as the American 
workers had noted in New York. Among the Group IV strains Grifiith established that 
there were 12 new serological types and certainly manq’ more; for, of 77 group IV London 
strains examined. 26 remained Lvhich did not fall within the 12 new types. However, the 
finding of Group IV strains of low virulence from individual patients. usually during 
convalescence, suggested to Griffith that either (a) the virulent type I, II or III strains 
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might simply have been replaced by an avirulent strain as might be found in normal persons, 
or (b) the immune response of the host had degraded the virulent strains into untypable 
variants. This latter possibility set Griffith workin g with rough non-capbulated a~irulrnt 
pneumococci. These he had produced in the laboratory by gro\+ing smooth virulent type 
I, II or III strains in the prchence of homologous type antiserum, a technique which had 
been used by Stryker in Avery’s laboratory some years bcforc (Stryker. 19~6). The possi- 
bility of acquisition of virulence by these experimentally produced rough forms, and the 
possible reversion to virulence of Meakly virulent strains found in the throats of conva- 
lescent patients and healthy persons, prompted the experiments which resulted in the 
discovery of transformation of types. The subcutaneous injection of large doses of rough 
pneumococci into mice occa4onally led to fatal infections from which smooth \-irulent 
pneumoccoci of the original tl’pe were isolated. Reversion to virulence could be achieved 
more readily if rough pneumococci. derived from type II, were injected together with a 
large dose of heat-killed organisms of smooth virulent type II. The most surprising result, 
however, came from Griffith’s control experiment, \vhere heat-killed smooth organisms 
from type I xvere injected along \vith roll& organisms derived from type II. 7he mice died 
of generalized infection \vith \.irulent type I pneumococci: an apparent transformation of 
pneumococcal type. Grilfith found this result, an esample of pure serendipity as Pollock 
pointed out. ditficult to believe, and as his paper of rgiS, republished in the Joww! qf‘ 
1fl.giwe in 1966, shows, he made nT:lny experiments k\ith extensi1.e controls to establish 
this surprising transformation of one pncumococcal type into another. Because Grillith 
uas conditioned to bslie1.e that bacteria existed in immutable t).pes. offerilig a solid basis 
for epidemiological investigation. one can imagine he \\as at first loath to accept his o\vn 
results. Fred Griffith UJJ a \cr!’ shy person, rarely event to meetings and couid not rcncfil! 
be persuaded to read a paper. I think it is safe to say that if he had been persuaded to 
communicate his findings to the Parhological Society -there was no Society of General 
Microbiology then-those \vho kne\G Grifith’s w,ork ivould have found his results sur- 
prising, but \Lould hays accepted them. It ivas a Ion, n time after his experiments \\<re 
completed before the results were published, and by then he had started his studies on 
streptococcal infection. .4ccording to Scott. Neufeld had visited their IaborsLory and had 
been told of Griflith’s transformation experiments. Some months after he had returned to 
Berlin, Neufeld Lvrote to ask Griffith Lvhen the results bvere to be published. as he. Xeut‘ild, 
had confirmed Gritlith’s results and Lvished to bvrite them up. This explains \\hy Seufeld 
and Levinthal’s confirmatory p,lpcr appeared so soon after Griflith’s; and indeed. in 
Neufeld’s paper it is stated that one of the authors had visited Griffith’s laboratcry some 
months before, and been told of GritTth’s results and the technique used (Xeufeld & 
Levinthal. 1923). 

Most of the subsequent Lvork on transformation \vas done in Avery’s laboratory at the 
Rockefeller Hospital in New York. which had been the centre of pneu~nococcus research 
in America for the prekious fifteen years. But the initial confirmatory experiments \\ere 
not made by Avery, who for many months refused to accept the validity of transformation 
and was inclined to regard the finding as due to inadequate experimental controls! This 
scepticism ivas understandable in one \vho had devoted so much effort and skill to the 
doctrine of immunological specificity. But Avery \vas sufferin g at that time from thyrotoxi- 
cosis and left the laboratory for some months. During that time his colleague Dawson not 
only confirmed Griffith’s findings. but went further and showed that transformation of 
type II to type III could be elected i/l vitro by incubatin g a very small inoculum of living 
R cells, derived from type II, together with anti-R serum and a concentrated suspension 
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of heat-killed virulent type III (Dawson & Sia, 1931). He confirmed Gritfith’s observation 
that transformation did not occur if the smooth type III suspension was heated above 80 C. 
He further found that heat-hilled preparations from old cultur~‘s were useless, and that 
freezing and thawing of previously effective preparations destroyed the transforming prin- 
ciple (Sia & Damon, 1931). He suggested that the essential factor was destroyed by 
bacterial enzymes. Pure S.S.S. -that is, type-specific capsular polysaccharide from type III 
- faiied to transform rough forms derived from type II. Later he found that even smooth 
ty-pe II could be transformed into type III, apparently without the intermediary of rough 
forms (Dawson Br Warhasse, 1931). The next step was taken by Alloway, also working in 
,4\-er!,‘s laboratory (Alloway, 1932. 1933). He found that transformation could be achieved 
by bacteria-free extracts alone prepared from youn p cultures of viru!ent pneumococci. 
The sedimented bacteria were dissolved by sodium desoxycholare and heated at 60 “C 
for IO minutes. The extracts could be filtered through Berkefeld candles, and absorbed 
with charcoal. without losing activity. The transforming principle could be precipitated by 
IO vol. of alcohol or acetone. The activity of the Sinai preparation was such that 0.05 ml 
of extract (50 ml concentrated from 5 1 of culture) was sufiicient to produce transformation 
of R forms in the presence of serum or serous fluid. These extracts contained specific 
pal! saccharide in sufhcient concentration to induce acti\,e immunity in mice. However, 
.411oway did no: think that cpecific polgsaccharide was the transforming principle and 
concluded that ‘if S.S.S. is involved it is present in a different physical state. or in com- 
bination with some other substance which confers on it properties not found in the purified 
substance’. 

No further significant paper on transformation appeared until the famous paper in 1944 
by Avery. \lacLeod and hlcCarty. But this paper was the result of several years’ labour, 
as i> oh\,ious from the paper itself and from the letter. quoted by Pollock, written by Avery 
to his brother Roy in 1943. In 1933 Alloway left Avery’s laboratory and Dawson had by 
then gone to the Presbyterian Hospital in New York. Neither apparently continued the 
work on the transforming principle. At this stage nothin, 0 was definitely known about the 
nature of the active substance. Was it S.S.S. combined perhaps with some other substance 
as Alloway had suggested, was it protein, or was it something else? 

When MacLeod came to Avery’s laboratory as a junior member of stalT in 1934 he took 
up the study where Allotsay Icft,off in 1933. From the start hc had difftculty in obtaining 
regularly active extracts. and it took another three years to vvork out the conditions necessary 
for constantly reproducible results. Not all rough strains of pneumococci were suitable for 
tran:formation - ue would use the term ‘competent today. This difficulty was overcome 
by transferring a smooth type II through 36 cultures in the presence of type II serum and 
plating out the 36th subculture. Amongst the rough single colony isolates one - R36A - 
gave a high and consistent yield of transformants in the presence of heat-killed type III 
cells. and w’as used in all subsequent work. When it came to preparing active transforming 
extracts from virulent type III pneumococci, unexpected diificulties were met. Not all 
batches of broth proved suitable, but it was found that absorption of the broth with charcoal 
made most samples satisfactory. Enzymes from the extracted pneumococci slowly destroyed 
the transforming principle, and some samples of serum added to the reaction mixture had 
the same effect, These difficulties were overcome by heating the pneumococcal suspension 
before extraction, and the serum? to 60 “C for 30 minutes. The active principle had been 
found by Alloway to be precipitated by alcohol, and this step was regularly adopted because 
stability was thereby improved. Not until 1937 could active transforming extracts be con- 
sistently prepared and a method of titrating this activity be developed. Then the work on 
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purification began, for up to this point the transforming extracts contained, among other 
things, pneumococcal protein, non-specific polysaccharide (C substance) and type-specific 
capsular polysaccharide. The protein could be removed by Sevag’s method of repeated 
shaking with chloroform without affecting the concentration of tramforming principle. 
The type I11 specific polysaccharide could be removed by digestion with Dubos’s specific 
enzyme, which I will mention later. The active principle could be separated out from the 
resulting fluid by careful addition of alcohol, and was further purified by repeated solution 
and reprecipitation. By chemical analysis, by its ultraviolet absorption curve and its 
behaviour with various enzymes in comparison with a pure preparation of desoxyribo- 
nucleic acid, the active principle was identified as DNA. The authors, however, were guarded 
in their summary and conclusions : for example : . Evidence is presented, that the chemically 
induced alterations in cellular structure and function are predictable, type specific and 
transmissible in series’; and ‘The evidence presented supports the belief that a nucleic 
acid of the desoxyribore type is the fundamental unit of the transforming principle of 
Pneumococcus type III’. 

Avery published only two further papers on the nature of the transforming principle. 
both with McCarty (McCarty 8; Ai cry, 1946). hlcCarty had prepared a relatively pure 
desoxyribonuclease from ox pancreas and, with Avery, sl!o\ved that this enzyme destroyed 
the transforming activity of the active principle under the same conditions that it broke 
down purified DNA from calf thymus. In the second paper McCarty and A -cry shoived 
that much higher yields of the transforming principle could be obtained by the use of 
citrate in the presence of magnesium salts to inactivate DNase in the pneumococcnl sus- 
pension from \vhich the transforming principle was to be prepared. These papers merely 
strengthened the case for DNA bein g the active principle. and met the objection> of thobe 
who suggested that some protein contaminant was responsible for transformation. rather 
than DN,4 itself. Later Hotchki5s. \iho had come to Avery’s department in 1937 and 
continued to Mark there after Avery left in 1947, provided further chemical evidence that 
the preparations of DN.4 responsible for transformation contained no contamin:lting 
protein. Although A\.ery himsrlf ne\er in print identified DNA as the essential gene:ic 
material of the pneumococcal cell. hi5 pupils \\ere more committed. In a paper published 
in 1949 on pneumococcal transformation Harriet Taylor (later H. Ephussi-Taylor), who 
was working in Avery’s laboratory, vvrote: ‘It appears justified therefore to visualize rhe 
transforming principle much as the geneticist pictures genes’ (Taylor. 1949). 

McCarty turned to the study of strrptococci soon after the t\vo publications kvith Avery 
in 1946; but MacLeod. who had moved to University College of Medicine. New York. 
in the early 1940s continued work on pneumococcal transformation. In transformation 
experiments, Austrian and ?LlacLeod shelved that the type-specific M protein of pneumo- 
coccus, lvhich they had discovered. could be transferred independently of the specific cap- 
sular polysaccharide (Austrian Sr >lacLeod, 1949n. h). They made the important suggestion 
that transforming extracts of encapsulated pneumococci contained a multiplicity of 
deoxyribonucleic acids uhich controlled the specificity of the several cell characters des- 
cribed. In a paper published in 1950 nith Krauss. MacLeod found that among experi- 
mentally transformed pneumococci derived from various serological types, the amount of 
S.S.S. formed and the virulence of the strain was controlled by the genetic apparatus of the 
donor strain (MacLeod & Krauss. rg_so). During the next few years MacLeod extended 
the study of transformation reactions to streptococci. In an examination of streptococci 
from various Lancefield Groups and of viridans strains, he found two strains of viridans 
streptococci which could be transformed to streptomycin resistance by DNA-containing 



6 A. W. DOWNIE 

extracts from a streptomycin-resistant pneumoccocus. Conversely. streptomycin-resistant 
variants of these tn.0 strains of streptococci \vcre able to confer this property to a sensitive 
pneumococcus. Resistance to optochin could be transferred by naturally resistant strepta- 
cocci to the naturally sensitive pneumococcus. The two strains of viridans streptococci 
were more efficient receptors of pneumococcal transforming principle than Lvere pneumo- 
cocci, and it was concluded that efficiency of transformation did no1 necessarily indicate 
closeness of relationship (Brace, Krauss. Roe 8r hlacleod, 1957). In further transformation 
reactions betaeen these t\vo streptococcal strains and a rough pneumococcus, using strepto- 
mycin resistance as a marker, he found that the receptor strain \vas more easily transformed 
when the donor srrain \ras, itself, a transformant \vhich had received DK.4 from the 
recipient species (Krauss & XlacLeod, 1963). MacL.eod’s participation in the original 
di>co\er!: of DX.4 as the transforming principle, and his continued interest in bacterial 
genetics, explains the title that he had chosen for this memorial lecture. 

To go back a little to the discovery of DNA as the transforming principle: it seems, as 
has been emphasized by Pollock and more recently b!, Wyatt (Ig72), that the fundamental 
importance of X\.ery’s \vork \vas not generally appreciated for se\,eral years, perhaps not 
until Hershey and Chase’s Lvork u ith bacteriophage in 1953. But although A\.er!- and his 
coilea~uc~ \\ere rather careful in the conclusions in their paper. and left their options open, 
the!- clearly realized tilt significance of DNA as the genetic material of the bacterial cell. 
Sir Henry Dale, in his presidential address to the Ro;;al Society in 1946, announced the 
:l~>::rd of the Copi:!. :Iedal to X\er!,. Referring to the transformation paper of rgqd he 
~2: ‘Here surely is a change to xvhich. if we \ye:‘c dealing \vith higher organisms, we 
shoLlld accord the status of a pencric variation; and the substance inducing jt - the gene 
in solution. one is tempted to call it -appears to be a nucleic acid of the dssozyribose 
t! pc’. Burnet x i>i:cd A\-cry in Dswmber 1933, just sifter the paper had zone to prcjs, and 
heard at first hand the latest results on the transforn!ation story. In a letter to his xvife at 
?his time he \vro;e: ‘A\.cry has just made an extremei!, exciting disco\,ery which, put rather 
crudely. is nothing Iesi 111~11 the isolarion of a pure gene in the form of desoxyribonucleic 
acid’. This was probably A\-ery’s interpretation of his 01~11 work. Burnet goes on to com- 
ment, writing in 1968: ‘nothing since has diminished the significance or importance of 
Avery’s wol:;‘. 

Avery and Griflith v,rre in many ways rather similar characters. Both \vere confirmed 
bachelors. ‘Both \i-ere extremely modest, meticulousi), careful in their experimental work 
and estremely generous with time spent helping others. Both were almost excessively 
cautious in reaching conclusions, and both made major contributions to knowledge 
rel‘ltively late in life’ (Pollock, 1970). He mi,oht ha\.c added that both had brothers who 
were eminent bacteriologists and both had one particularly close friend throughout their 
workin_g lives - Grifiith had Scott and Avery had Dochez. But there \vas one great difference 
in their w,orking conditions. Griffith \s’as always a lone ivorker - perhaps only partly 
because funds Lvere not available to pay for assistants. On the other hand, Avery, in the 
Rockefeller Hospital, al\l,ays worked with a team and could, \\hen necessary, enlist the 
acsistance of those jvhose special knowIed_ce or skills Ivould help to solve the problems 
\vhich then occupied his attention. For, although he w’as rather shy and avoided speaking at 
meetings \J,hene\,er he could, in private conversations his enthusiasm for his \vork could be 
presented v,?th dramatic fcrce and persuasive eloquence. 

In 1913 Avery leas asked by Rufus Co1 e, then director of the hospital, to join the group 
\\orkinF on lobar pneumonia. Dochez L! Gillespie (1913) had just confirmed Yeufeld’s 
obser\-ations on the multiplicity of serological types of pneumococci. M’ith Avery’s arrival 
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at the hospital there began a collaboration with Dochez which persisted in an informal 
but highly creative form for years after Dochez left the Rockefeller Institute, to become a 
professor of medicine at Columbia. As Dubos wrote: ‘The two men shared a bachelor’s 
apartment for many years and apparently never tired of discussing, night after night, 
problems of aetiology and pathogen&s. It lvould demand much psychological perspicacity 
to delineate the contributions of e;~h participant in these ,midnight dinloguec which had 
so much influence on the evolution of medical microbiology’ (Dubos, 1956). XT;ery’s; \vork 
with the Rockefeller team began Lvith the study of pneumonia patients and the strains of 
pneumococci isolated from them. In 1917 Dochez and Avery published their first paper 
on the type-specific soluble substance (S.S.S.) of pneumococcus (Dochez & Avery, 1917). 
This substance appeared after a few hours in pneumococcal cultures. S.S.S., of the type 
corresponding to the infectin g organisms, xvas detected in the urine and blood of a pro- 
portion of pneumonia patients, and its presence in the blood was a bad prognostic sign, 
since most of these patients died. It \vas to determine the chemical nature of S.S.S. that 
Avery persuaded Xlichnel Flcidelhergx to join his department. Their \vork led to the iso- 
lation and characterization of the specific capsular polysaccharides of ~11: first three types 
of pneumococci (Hcidelbsrger & X\.rry, 1923, I 924; l-leidelbergerl Gocbei & .I\very, I 925). 
The purified preparations, first made, were non-antigenic Lvhen inoculated into rabbits, 
and were regarded as haptcnes. But it was shown by Schirmann and his collen~uej (1927, 
1931) that active immunity to infection could be induced in mice by the injection of \.erl 
small doses - concentrations below t!lat lvhich would precipitate with the cb:respnnding 
type-specific serum -while larger doxs had no immunizing effect. Indeed, large doses 
produce the state of specific immunological paralysis. The earlier preparations had been 
made from suspensions of pneumococci from young cultures, or from the ilL:id from 
eight-day cultures; their isolation h,lti involved heating to 100 -C and the use of strong 
acid and alkali. Less drastic tre;ltment subsequently yielded from cultures of type I belter 
preparations - the acstk-latcd form - which, in a dilution of I in several million, nould 
immunize mice and which nould absorb all antibodies, including protective antibodies, 
from type I immune serum (.,\\,sr>- 6r Goebcl, 1933). Francis and Tillett, in Avery.5 dqxrt- 
ment, sho\ved that the specific pol!xaccharides were amipenic on intradcrmnl injection 
into man and that the dencet>,lated product Lvould also induce the formxtion of mou?c- 
protective antibodies in normal persons (Francis & Tillett, 1930: Francis. 1334’). This 
finding later led to the use of purified specific polysaccharidej in place o!‘i\hole pneumococcal 
vaccines in prophylactic immunization of susceptible populations against pneumococcal 
infections. ;CIacLeod \vas actively concerned with such prophyiactic triais in military 
populations during the war. 

By 1930 it had been established. lar~elg through the work of Avery and his group, that 
the virulence of pneumococci lvas dependent OI? the capsular polysaccharidr and that 
immunity, type-specific in character, was dependent on antibodies to it. It occurred to 
Avery that, if some means could be found of breaking down the capsular polysaccharide 
of infecting pneumococci in the animal body, the offensive mechanism of the orgacism 
would be lost and the animal might be cured. He thought that in soil, where ccmplex 
carbohydrates must be broken do\vn in the decay of vegetable matter. micro-organisms 
might exist which would break donn the specific pneumococcal polysaccharides. At this 
time Dubos, who had been workins in Waksman’s laboratory in Yew Jersey. came to visit 
Avery. When Avery learnt that Dubos had been interested in soil microbiology. he imme- 
diately enlisted his assistance to tackle the problem he had in mind. A medium containing 
only ammonium sulphate, dibasic potassium phosphate and type III capsular polysac- 
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charide \vas used. Bacteria from samples of soil served as inoculum. Decomposition of the 
polpsaccharide in the medium was tested at inter\,:tls by precipitation tests with type III 
antiserum. From one soil sample the bacteria were found to break do\l-n the polysaccharide. 
After months of subculture and purification by dilution. this decomposition was found to 
be due to an aerobic Gram-negative Tporing bacillus. Filtrates of cultures of this organism 
\vere highly specific for t>‘pe III polysaccharide and had no effect on polysaccharides from 
other pneumococci (Dubos 6r Avery. 1931). Enzyme preparations were found capable of 
curing mice infected w,ith type Ill pneumococci (Avery & Dubos. 1931). rabbits infected 
intradermally with a \.irulent type III pneumococcus (Goodner. Dubos & Avery, 1932) 
and. finally. had a curative effect on pneumococcus type 111 pneumonia in cynomolgus 
monkeys (Francis. Terrell, Dubos 8r Avery, 1934). The potency of different lots of the 
enzyme varied. but e\‘en after more purified preparations lvere obtained (Dubos, 1935) 
Avery was cautious - his younger assistants thought too cautious - about testing the value 
of the enzyme preparations on type 111 pneumonia in man. The discovery of sulphonamides 
at this time obviated the need for such tests, and satisfactory trials of the enzyme were 
never made in pneumonia patients. Thus a brilliant idea, which led to a great deal of 
interesting and successful experiment, never led to the clinical application which had been 
hoped for. 

The disco\.ery of the biological specificity and antigeni+ of the pneumococcal capsular 
polysaccharides by ALtry and his colleagues came at a time \\,hen it \vss generally con- 
sidered th;lt such specificity \vas attributable only to proteins. Follouinp the lead given by 
the u ark of A\ sr! . specific serological reactivity was I,iter sho;vn to be due to polysaccharides 
in other bacterial groups -- the tubercle bacillus, Friedlander’s bacillus, Ifaewoplrilus 
ii!{iz~/l:a~. Sni~~onclla and other organisms. Aver\-‘s go-oup showed that there was serological 
cro\s-reacti\.ity betu>een polysaccharides iron1 type I1 pneumoccoci. from a strain of 
Fr-icdlander’s bacillus (Avery, Heidelberger 61 Goebel. 1925) and from gum arabic (Heidel- 
ber?er. .4very & Gosbcl, 1929). These cross-reactions v.‘ere in part explained by the studies 
of Avery and Goebcl, published in eight papers bct\\ecn ~9.29 and 1933, on conjugated 
carbohydrate-proteins. These Lhoued that the fundamenta! specificity of sugar residues was 
dependen on configuration, size and nature. This \vork provided one of the foundation 
stones for tllc’ science of Immunochemistry. 

In addition to the work I have touched upon, many other papers dealing with bacterial 
growth and lysis and C reactive protein came from Avery’s laboratory. hIany of these 
papers were published by Avery’s colleagues alone, for he Mould neycr allow his name on 
a paper unless he had personally done a considerable proportion of the work involved. 
For example, of 61 papers from his department from 1930 to 1933 inclusive, only 14 bore 
Avery’s name. For at least fifteen years Avery supervised and guided the \vork of Lancefield 
on the antigenic structure of streptococci. He was co-author of oniy the first f\vo papers, 
one of which in 1919 demonstrated that there were diffcrcnt immunological types of 
haemol!.tic streptococci (Dochez, Avery & Lancefield, 1919). 

The quality of Avery’s scientific contributions was recognized by his election as a 
Foreign r\lember of the Royal Society, just before the paper on DNA and the transforming 
principle was published. The award of the Copley medal in 1945, the highest distinction 
the Royal Society could confer, was made in recognition of the importance of that discovery. 

Burnet I-ecords of his meeting with Avery in 1943: ‘Avery \vns an oldish man then, 
beginning to live a little in the past, and happy to relate to interested visitors how his work 
\i,ith the pneumococcus had reached this climax’. Burnet did not realize that for many 
years Avery had been putting on this carefully rehearsed performance for the benefit of 
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visitors and new members of stafi. It was an exciting and absorbing story which lost 
nothing in the telling. For new assistants it was valuable as the background into which 
they could fit according to their inclinations or special skills. 

For an insight into Avery’s personality it is worth reading part of the speech hr made 
when presenting the Kober Xfcdal of the American Association of Physicians to Dochez 
in 1949. This \vas quoted by hlaclcod when he \\rote Avery’s obituary (;\lacLeod. 1957). 
‘Throughout his studies there is unique continuity of thought centering in the dominant 
problem of acute respiratory diseases. The results of his work are not random products of 
chance observations. They are the fruits of years of wise reficction, objective thinking and 
thoughtful experimentation. I have never seen his laboratory desk piled high with Petri 
dishes and bristling with test tubes, like a forest wherein the trail ends and the searcher 
becomes lost in dense thickets of confused thought. I have never seen him so busy taking 
something out of one tube and putting it into another there was no time to think of bvhy 
he was doing it or what he was actually looking for. I have never knolvn him to engage in 
purposeless rivalries or competiti\,c research. But often I have seen him sit calmly by, lost 
in thought while all around him others with great show of activity were flitting about like 
particles in Brownian motion: then, 1 have watched hi-m rouse himself. saunter to his desk, 
assemble a few pipettes, borro\v a few tubes of media. perhaps a jar of mice, and then do 
a simple experiment lvhich answered the very question he had been thinking about, \\hen 
others thought he had been idlin, 0 in aimless leisure.’ MacLeod adds that this paragraph 
epitomizes Avery’s own approach to investigation and his philosophy of the *true inward- 
ness of research’. Another collcngue. Dubos, Mrote in 1956: ‘That he \vas not made a 
Nobel Laureate remains to this day a matter of painful surprise in many scientific circles, 
since all his discoveries had an ob\ioi;s quality of purfsction and finality, immediate udul 
application, and great influence in moulding the activities of other investigators. One 
might hope that the Nobel Academy t.i-ill some day acknolvledge this oversight and puhlicl) 
recognize as once the Acadimie Franqaise did for Moliere 

Rien ne manquait h sa gloire 
11 manquait ti la notre’. 

If I have seemed to devote an unduly large part of this address to Avery and his work. 
it is because I shared Lvith Colin hlacLeod a great regard and respect for Avery as a man 
and as a scientist. And I feel that Fred Grifith would not have begrudged this small tribute 
to one who had brought to such a successful conclusion the story Q hich he so dramatically 
began. 

REFERENCES 

ALLOWAY, J. L. (1932). The transformation 01 vitro of R pneumococci into S forms of different specific 
types by the use of filtered pneumococcus extracts. Jo~r~ai of^ Erperinte~tul ,\-fedici~ 55, 91-99. 

ALLOWAY, J. L. (1933). Further observations on the use ofpneumococcus extracts ineffecting transformation 
of type ift Fifro. Jowrral of E.rprrinw~~ta/ .~fedicim 57. 265-278. 

AUSTRIAN, R. & MACLEOD, C. ?.l. ( 1g4g0). A type specific protein from pnel:mococcus. Jo~wal o/‘E.r- 
perimrrltal Mdiciicinc~ 89, Jjg-450. 

AUSTRIAN, R. & hfi\cL~ou, C. M. (r949b). .Acquisition of ?+I protein by pneumococci through transforma- 
tion reactions. Jourtd of E.FlupcrinitWal .\fedicitw 89, 45 I-@. 

AVERY, 0. T., CHICKERING, H. T., COLF. R. & DOC.HEZ, A. R. (1917). Acute Lohar P,rrlmtot?ia: Prercnfiotr 
nnd Serum Treatment. hlono~r:~ph no. 7, New York: Rockefeller Institute for Medical Research. 

AVERY, 0. T. & DUBOS, R. (1931). Protecri\e action of a specific enqme against type III pneumococcus 
infection in mice. Jowd of E~prrittwrt!n~ Alediritw 54, 7330. 





P!l~irliii..::‘Ui’c,ili li’ii!l.~:‘;:t’!iiiiii3il II 

KRACSS, &I. K. & &~SCLEOO, C. ,LI. (1963). Inrraspecies and interspecies tr,insformaUon reactions m  pIlWIllO- 

coccus and streptococcus. Jorrrual ojGe~~era1 Physioicq) 46, I 141-r 150. 
~~CCAKTY, M. & AVERY, 0. T. (19~6,1. Studies on the chemical nature oi the substance inducing trans- 

formation of pneumococcal types. II. ttTect of dcsos)ribonucleox on the biol@al actixit! of the 
transforming substance. 111. .An in:pro\cd method for the isolation of the transforming subsrancc and 
its application to pneumococcus types II, III and VI. Jo~rrral of Evperimrufal ,%Iedici/w 83, 89-96; 

97-104. 
MACLLOD, C. (1957). Os\\ald Theodore ,-\\ery. Jowr~al of Gr~/rerul .~licroDiolu,q,v 17, 539-549. 
MACLFOD, C. SC KKAUS, &I. R. (1950). Relation of virulence of pneumococcal strains for mice to the 

quantit) of capsular polqsaccl~al-idc formed i/z vitro. Jorrrrral of Experinrctrto[ hfedicim? 92. I-9. 
NEUFFLD. F. 8 H:YDEL. L. (1909). cbcr Hcritellung und Priiftmg van hntipneumokokken-Scram und iibcr 

die Aussichten einer spezifischen Bchnndlun, cr der Pneumonic. Z~,itscAri/i fiir I~~~~~frrrlif~its/o~sc/~~~t~~ 3, 
159-171. 

NEUFELD, F. & H;\>LxL., L. (1912). Zur Frags der Serumtherapie dcr Pneumonie und der Wertbestimmung 
des Pnellmokokken-Serums. Bcvlitler K/itliscl;r II bd~em-hr~i 49, 680-683. 

NEUFELD, F. R LEX~SX~AL, W. (1928). Beitriige zur \‘ariabilittit der Pncumokokken. Zeitschri/ijirr ImnruC- 
tiifsfor~d~~~rrg 55, 321-340. 

POLLOCK, Xi. R. (1970). The discovery of DNA: an ironic tale of chance, prejudice and insight. Jourrrd of 
Gcmrul .\ licrof~iolcyy 63. 1-20. 

SCHIE\IAXS, 0. k  CASPAR, W. (1927). Sind tlic spezi!ixh pr%cipitnblcn Substanzen der 3 Pneumokokken- 
T\, pen Haptenc? Zeitschrijt jiir HF,yiorr II& InfiX tiorf.tl~ratlkilsitr,l x08, 220-257. 

SCHIEN\>S. 0.. LOE\\L\THAI., tl. cP: HAc-)ct >rtl.AL, H. (1931). cber die immunisicrendr und schocker- 
zeugende \Virkung \on C-hntti_csn Fmctioncn gereinigtcr C-Substanz und Lipoidrn au3 Pncurnokokkrrt. 
Zeitschrifi fi’ir H?gie/ie ud It!f~pX t,v/f.iX~n/r~~-lirite/i 112, 3 15-33 I. 

%.A, R. H. P. & D.A\VSOS, Xl. H. (1931). Z/7 \,itro transformation of pneumococcal types II. The nature of 
the factor responsible for the trnnsformation of pneumococcal types. Jowmd ojE.~pcrinrc~~tal dfeciici~re 
54,7or-710. 

STRSKER, L. >I. (1916). Variations in the pvcumococcus induced b! gronth in immune serum. Joum~/ t~f 

Esperiuwlitcil .~leriicim~ 24, i+$. 
TAYLOR, H. E. (1949). XdditiLe ctrcsts of scrrain transforming agents from some \a]-iants of pneumococcu5. 

Jowrml of Esperim~~~tc;i .\ledicim~ 89. :9g)-~j. 
\VRIGMT. H. D. (1~11). Obituary on \‘v’. 11. Scott and F. Critlith. Lamet i, 5SS-589. 
WYATT, H. V. (1972). When does information become kno\vlcd= CTe? .\ntwr, Lom~utz 235. 86-89. 


